PET-CT continues to see technological advances in both hardware and software which provide improvements to image quality and hence diagnostic confidence. Improvements to detector technology have provided the possibility of Time-of-Flight (TOF) acquisition and reconstruction, which has been commercially available for over a decade. Increases in computational power have allowed the use of more sophisticated iterative reconstruction algorithms that incorporate a more complete modeling of the physics of gamma-ray detection. One particular property that can be modeled is the spatial resolution response of the detector ring to account for degrading depth-of-interaction effects that worsen in magnitude with the increasing radial distance in the field of view. This is commonly referred to as point spread function (PSF) modeling. Image signal-tonoise ratio (SNR) is a fundamental metric of image quality that should be maximized for a given administered activity and image time. In cardiac imaging, it is difficult to quantify the impact of changes in SNR. It is reasonable to assume that an increase in SNR would give the appearance of more uniform perfusion in genuinely normal cases, as the contribution of Poisson image noise to inhomogeneity will be reduced. Both TOF and PSF modeling technologies increase image SNR but understanding the differences of how these two technologies improve image quality when using iterative reconstruction algorithms is key to knowing how to maximize the benefits from them.
Using scintillation crystals with very short decay time, TOF measures the approximate difference in arrival time of the two 511 keV gamma-rays on the detector ring and thus more accurately localizes the positron-electron annihilation. The current limits of detector technology give an annihilation location within a few centimeters. This acts to confine the distribution of Poisson noise from across the entire line of response to within this area of uncertainty. The implementation of TOF does not require modern iterative reconstruction algorithms, and the original work by Budinger in the early 1980s was performed on filtered backprojection. 1 The theory showed that, in uniform cylindrical objects, the gain in SNR was proportional to the square-root of the object diameter. In oncology studies, SNR gains from TOF have been demonstrated by measurements in the liver where the patient shape and density is relatively uniform. 2, 3 However, translating SNR gains to the myocardium is not straightforward due to the highly nonuniform shape and density of the patient and also the challenge of defining an appropriate region in which to measure voxel noise. 4, 5 The ubiquitous use of iterative reconstruction adds further complication when assessing SNR gains from TOF as SNR is dependent on the number of updates to the estimated image-usually defined as the product of the number of iterations and subsets. TOF has been shown to accelerate convergence, particularly when measuring contrast recovery of hot spheres in a warm background activity. 6 Hence, comparing TOF and non-TOF images produced by the same number of image updates may not be appropriate in all situations.
PSF modeling accounts for the gamma-ray interaction in the crystal elements within the block detector arrangement for a PET system. The response of the system to a point source is modeled in the projection operations of the iterative reconstruction process. 7 The result is improved spatial resolution of images but also a change in the noise characteristics that produces a difference in the noise texture. 8 This can easily be observed in areas of uniform uptake, such as the liver in FDG oncology images, but the impact of these different noise characteristics for cardiac imaging is not clear. Like TOF, PSF modeling has an impact on the convergence rate but, in contrast to TOF, convergence rates tend to be slower than non-PSF reconstructions. A clear example of this was demonstrated by Le Meunier et al. using a cardiac phantom. 9 They showed that contrast-to-noise ratio (CNR) of the phantom cardiac insert relative to the bloodpool background was superior using PSF reconstruction compared with the non-PSF reconstruction but required more updates to reach the optimal CNR.
Taking these points of noise reduction and changes to convergence rates into consideration and determining their dependency on patient size is by no means a straightforward task. To address this issue, Dasari et al. 10 systematically evaluate the impacts of TOF and PSF modeling, both applied individually and also in combination, on rubidium cardiac PET imaging. They look solely at the impact on the static perfusion data and look at differences in segmental uptake and summed stress and rest scores. While their study has a modest number of patients, they apply a very well-thought through method that attempts to separate out the various patient factors that could influence the impact of the various reconstruction options.
As demonstrated in the early TOF theory, the impact of TOF reconstruction is dependent on the crosssectional size of the object or patient in the field of view. In oncology studies, gains in SNR have been shown to be strongly related to patient body mass index (BMI) when measured in the abdomen, but less so when measured in the chest.
11 Similar findings were also demonstrated when looking at SNR gains from TOF in the myocardium. 4 This may be because patients carry weight in different places. Male patients with high BMI are likely to have greater amounts of abdominal tissue, whereas female patients are more likely to have greater amounts of breast tissue. Hence, there is likely to be considerable differences in the amounts of tissue in the PET field of view over the heart for male and female patients of similar BMI. This is supported by the authors' observations of the difference in the impact of TOF in male and female patients. No significant differences in perfusion appearance were seen for TOF compared with non-TOF reconstruction in the male patient group. The authors look specifically at the crosssectional area separately to BMI by segmenting the CT image. They show that the impact of TOF increases with the increasing cross-sectional area which is not replicated with the increasing BMI.
The authors are applauded for their complete and effective presentation of images and results-particularly Figure 2 -which shows perfusion polar plots for rest and stress images for all four algorithms, allowing the reader to quickly evaluate the differences across the algorithms. A common trend is the improvement in homogeneity of the polar plots when TOF is applied, which is likely due to increased SNR. A more stark observation is the reduction in apparent localized reductions of perfusion when TOF is applied, irrespective of whether PSF is used or not. The most obvious example is patient #5 that exhibits an antero-septal defect at rest and stress in OSEM and PSF, which normalizes in both TOF and PSFTOF, respectively, giving rise to the possibility that the non-TOF images provide false-positive information. This example is a female Figure 1 . Polar maps of rubidium stress perfusion images for a male patient with a weight of 121 kg and a BMI of 43 kg/m 2 . Images are shown with the increasing numbers of iterations (1 to 6) left-to-right for the following reconstruction algorithms: PSF (A) and PSFTOF (B). PSF algorithms contain 24 subsets, whereas PSFTOF algorithms contain 21 subsets as specified on the Siemens Biograph mCT. patient, with both arms in the field of view and hence occupies a considerable portion of the field of view. Other more subtle examples of this phenomenon are patients #17, #25, and #27. The reasoning behind this change in appearance is not clear. As discussed earlier, the impacts of TOF and PSF modeling have been shown to change the convergence rates, and hence, this may be partially attributable to the effect. This is demonstrated in the example shown in Figure 1 , acquired at our institution. The figure shows perfusion polar plots for an obese male patient with a BMI of 43 kg/m 2 reconstructed with PSF and PSFTOF algorithms on a Biograph mCT, as used by Dasari et al., with increasing numbers of iterations. In both PSF and PSFTOF images, apical thinning is demonstrated but is more pronounced in the PSF images. However, there is also a subtle apical-septal defect in the PSF images with low numbers of iterations. This defect reduces as the number of iterations increases but is always less apparent when TOF is incorporated.
In their study, the authors use the same number of iterations for TOF and non-TOF reconstructions. However, evidence from phantom and oncology studies has shown that more iterations are usually required for non-TOF reconstructions to provide similar quantitative outcomes. 11, 12 One could hypothesize that if more iterations were performed in either the OSEM or PSF reconstructions, then the defect may begin to normalize and appear more like the images that use TOF. This is supported by data from DiFillipo and Brunken 13 who show an example of a female patient with a very high BMI of 76 kg/m 2 with an apparent apical-septal defect in non-TOF images that partially normalizes as iterations are increased. The corresponding TOF images show a far-reduced defect.
Dasari et al. demonstrate that the performance of the reconstruction is clearly dependent on multiple factors such as gender, patient size, and setup such as arms up or down. Hence, a thorough evaluation of the impact of the numbers of iterations for the various reconstruction options is not a trivial task, something that they rightfully point out. The lack of ground truth in clinical data to provide validation for evaluating these algorithms remains a problem. Le Meunier et al. only incorporated rest patients when evaluating the impact of PSF modeling; the studies by DiFilippo and Brunken and Dasari et al. are retrospective in approach with no angiographic correlation, hence making it difficult to determine whether apparent perfusion defects in non-TOF images are genuine false-positive cases. Phantom data may help provide a ground truth to some degree, but the structures of most cardiac phantoms do not allow for modeling the varied complexities of both internal and external anatomies in patients. An additional weakness in the current literature is that most, if not all, studies originate from Siemens Biograph mCT systems, and hence, it is not currently possible to translate the findings to systems from other vendors.
CONCLUSIONS
The work by Dasari et al. has effectively highlighted the impact of advanced PET reconstruction options on rubidium perfusion images. The authors present findings that users would expect to see using typical reconstruction settings used in a clinical scenario in a clear and logical way. It is apparent that TOF has a more substantial impact on image appearance with differences in apparent perfusion defects differing in a small number of their cases. The results presented certainly give scope for follow-up work to more fully understand the interplay of the various technical factors that can influence the images. The addition of ground truth, either phantom studies or angiographic correlation in clinical data, would be highly valued.
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